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A. Statement of Problem 
Te basic problem involved was to investisate the feas- 
ibility of the utilization of 6 previously desiscned magnetic 
reactors for control of the arnature and field currents 
of the SPS-6 antenna drive motor with the future foal 
of adaptation of such a suagnetic amplifier servo system 
as the antenna drive of the SPS-16 radar, 
No ricic specifications of antenna control were defined. 
The antenna servo system was to bo steble, and the oute 
put response to be reasonably rapid and to follow within 
approxinately 1 decree at 2.5 rpm. 
B. Description of System 
The initial system conceived me as ‘is follows: 
aan —{MAGwET e rae PteL 
d Ibs Ft py” \ CURGE aca 
A 
a os [ae WES | te mh ene Te] A 2 at 
Ames iGre | | AMPLIFIER Palla FIER 5 we, 
COWFROL. rye 
7 Moar 
CURRENT SEA TBE ag , 
CURRENT EAR } ey, 
EME TIC | c — 
nan ae pees: ib hg gid : g 2 
MP bt PIER} _AMbhsl Fi ZA Mofor 
Spee ce ee MOAE AE rie = D Ficid 
Agfa’ PE; CULREN T 
Figure 1 (4) 


The motor used was the original, 1/2 lP motor of the 

SPS-6 entenna drive, with a centertap added to the field 
windings. Both armature and field currents were to be 
eontrolled simultaneously, with armature current always 
in the same direction and the field current flowing throush 
tne appropriate naelf of the fleld winding to produce the 
desired direction of rotation. 


The arrangement of winding is shown in detail in Figure 2. 
Refer to pere 27 Firuring Book 741505 for direction and 
numbering of windings on cores. ‘The arnature reactors 
were wound with 3 windings of 370 turns each for control 
and the main current winding of 370 turns. Inductance 

of the armature control windings was approximately 11.3 
henries each. Control current from either tube of the 








I. 


B. 


Cont 'd 


Gc amplifier ectivated both of tne arnature reactors. 
Core material was tiipernik V. 


The field reactors were smaller in size but contained 

a main current winding of 600 turns, 1). henries; a 600 
turn, 1) henry winding for bias purposes; a 160 turn, 
10)..5 henry winding for control purposes; and, in addition, 
an externel windins of 16 turns so arranged as to form 

a push-pull effect, and thereforo assist self saturation 
eng <ain of the macnetic anplifiers. 
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PROCZDURE 


measurenent of Component Characteristics 
ee ann net eth a ere ore a we nt LS 


Ae 
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2s 


the prinary step to formulate end analyze the system 
was to obtain data on stoady state speed «nd torque 
characteristics of the nanetle amplifiers, motor, 
and antenna connected as an open loop. A variable 
d=-c power source was used to obtain verious valves 
of control current, Porque data was calculated from 
observed data in following manner. 


Prom dec motor tacory; 


Ty = Bs 
a) Iaej Le Ry = Lg 


2} 7 7 035Ko me 


3) Ee 2 SéK 
Since from (3), KG = E./S 
and from (1), Eg * Ep = In Rg 
= eae ~ (03 2a75 (bp = tas 


Tne magnetic amplifier transfer characteristics (steady 
state) were determined by applying various values of 

d-c control currents to the reactors and measuring the 
output current resulting from an applied potential 

Which would give approxtnately 2.5 RP! speed of rotation 
to the entenna. To prevent interaction of the field 

and armature reactors, the data was taxen under static 
conditions with field or armature energized, motor not 
running. One dynamic test was made on the armature 
reactor with one field energized. Bias settings were 
Such in each of the above to place the operating point 
at the knee of the saturation curve ae Shown in Figure 1. 
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Desipn of Phase Detector and D-© +mplifier 


From data obtained in bio foresoing procodcure it was 
determined tat a control current of 13 ma. would be 
the maxinum needed for full saturation of the magnetic 
anplifiers and would vive the full ranze of speed con- 
trol desired. 4 phase detector and dec amplifier was 
then dcsi-~ned to meat this requirement, Details are 
sketched in figure 2. | 


fhe purpose of the phese detector and dec amplifier is 
to renerate a control current which activates the mag- 
netic amplifiers. The phese detector is biased near 
cutoff so that one side of it conducts heavily and the 
other is cut off dependins upon tne phase of the ampli- 
tude modulated error sisnal. Cut off of one side of 

the phase detector allows a bias to leak off of the RC 
smrid lead of the next stage of the d-c amplifier allow- 
ins tnat half of the dec amplifier to conduct neavily 
in proportion to mnenitude of input signal. This con- 
duction current is the Magnetic Amplifier control current. 


Limiters consistint of sclenium diodes 1IN34A in series 
with 1.5 V batteries were pleced across input to phase 
detector to protect asainst overloadins inasmuch as the 
maximu error si:mal from the 3::'CT synchro can be approx- 
imately 55 volts rms. 


Upon completion of phase detector and its amplifier 

the system was formed as a closed loop as shown also 

in icure 2. Meters wero placed appropriately in the 
circuit to monitor individual field, armature, and 
control current circuits. Refer to paces 2-l., Firuring 
Book #UL505 6 


Calculation of Nesonant rrequency of ovystem and Determination 
of aa | 


vridce “1 Network Paraneters. 
=. 2300 ee wa? oa 
JT, 32.2 ibs. £G2 165 slug ft¢ (load inortia) 


ol 
Jsq * 35 = 5.28 x 1073 slug ft.© (motor inertia) 





Referred to output sheft 


, 3uBO _ 230 


Zear ratic 15 I 


Ivo * 5.23 x 1073 x (230)¢ = 280 slug ft.@ 








Cont *d 


Total moment of Inertia: 
J = Jy, + Jug 2 165 + 230 = WS slug ft. 
Assuming 500 ft. lbs. max. wind torque, 


controller factor K = torque .7 1" = 28,600 ft. lbs./rad. error 
error 57.3 angle 





to follow within 1 degree. 


atural frequency of Tiotor and Antenna system: 


On ae K/ J 
t 
Oy 2 aio 5208 = /6h.b = 3.03 rad/scc. 


A 1.23 eyelos/sec. 


It was observed that in closed loop shown in Wiv-ure 2, 

the antenna tended to oscillate at a very low frequency, 
approximutely 1 cycle/sec. and, if gain were lowered, 

such oscillations would damp out ofter about 3 or . cycles. 
It was assumed therefore tnat the system was considerably 
underdazired with 





~ 2 42 
If a 1073 decrcase in torque is assumed for a speed increase 
oie. Yphl, 
S00 x ok 
Priction F - = 191 
2.5 xe 7 
F 191 = 
Pol. friction ri = = 1236 
2 § op, 2x 2x8 .03x))5 


If, to corroct this oscillatory tendency, it is desired 
to insert an error plus derivative control network to 
Shift the phase (envclone) of the amplitude modulated 
error si-nal carrier to commensate for the unwanted time 
cdolay causing the oscillation, the error network paramoter 
would be 

= m ee = 3.lil, cycles 
2S (l-r) 2x.2(1- +0663) 





OH * 








fi. 


C4. bond 


rel. frequency bandwidth 


S226 2 2 ee | be ecagc ee - 
Xp ey 5 = 12) P XS ae a lay Ara 


where ue = carrier frequency = 60 cycles. 


Choosing a C = .01 pf for a bridzed 7 network: 


oo : 
meries Ii of net is i = = el = «6 megohms 
C ie OL seo x 377 


a ‘)6 
onunt Rh of net is beG zi . 1500 ohms 


(tyes) 
outout of net for innut of 1 volt ( 2 1° error): 


a 
. a 2 
ecg = =. (odd ) -0065 volts rms. 


It was decided at this point to use a differentiating 
network, with a low pess filter to eliminate ripple (Refer 
to pase 201, volune 25 Radiation Lab) and a pre-amplifier 
to feed tne phase detector. 





& two state, 600 gain, 60 cycle center frequency, Audio 
~~ was designed in addition to a low pass filter. 
witi the aid of a technolory Instrument Corporation Phase 
Gr “320-.." several a-c lcad networks accounting for 
load times of .012 to .01.6 seconds were constructed and 
centered carefully on 60 cycles for zevo phase shift 
at the carrier frequency. Refer to pases 13-17, Mizuring 
Book ; 41505 for details on these circuits. The seneral 
form of the bridzed "1" network is shoun in Fissure 3. 


Ficure 3 


the above were placed in the closed loop system and 
chances of response noted. 


He 





Maasurencnt of “time Deluys in System 

In an attempt to estavlish the s;stem time delays more 
accurately so as to reduce them and ellminate tie noed 
for critical lead networks, a trim-erins arrangement 

was devised wnereoy an impulse function could bo applied 
to the system (open loop) and the transient response of 
various portions of the s,; fstem photosraphed. & special 
slow sweep oscilloscope ( Pektronix 512) and Polaroid Land 
Cermera were used for this purpose» 





In this way the actual delay time in the phase detector -- 
d-c amplifier, the agnotic aaplifiers and in the field 
and armabure circuits was mcasured. 


Atte-ipts to Conmpensate for Delays in System 
The measured delay infornetion was used in two ways. 


1) Favorable initial conditions giving fastest response 
of the marnetic enplifiers were utllized. 


2) Knowing the actual transient delsy in the cireuit 
onabled further attempts at compensating for sane. 


nanobner ac lead network was constructed, this time a 
yaralle] i (Refer to Radiation Lab. Series V:1. 25) and 
for sreater ~ain, to tne exact spocifications required 

by this known delay. « more sensitive a-c amplifier 

was desicned also for use with this network and was lincar 
over the reauired low frequency ranze. The comdination 
network and amplifier is shown in 2"icure hl. 


Frequency | iesponse Analysis 


Closed loop response (52 ) to sinusoidal input of 
OF 


varyine frequency was tien determined in order to reshape 
properly tho response curves of the system using d-c nete 
works. 


Use of DC Compensating Networks 


Based upon information determined from the preceding 
frequency response analyses, the system was modified 

as indicated in "icure 5 in order to use a d-c lar-lead 
network whose gain characteristics are approximately those 
shown in Figure 6. 
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I. ll. Mathematical Analysis © 
A very simplified diasran of the servo system is shown 
below in “icure G. Llectrical enerny storases account- 
inc for time delays are not included. Ustimated "lincer" 
transrer functions ore indicstcd. 


Ky=2u fee, 
ee 0d boo ames ampbel (ur “f 
‘ ? ven Kyo 2292 AmpG « = .dlltpda 


i 
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Picure 8 


An attempt at mathematical analysis was madc and carried 
throusn using Laplace transformess after certain simplify- 
ine assumobions. The main difficulty encountered was the 
nonlinocarity of the overall trensfer funetion since torque 
| is propartional to the square of tne error input inasmuch 
as both armature and field currents are controlled siml- 
taneously and brought up from zero tosether. ‘This is a 
special tjpe of control -- no otner examples of dual control 
of dec motors were ovident in the servo mechanism literature. 


A second difficulty was that of writing voltage transfer 
functions of the magnetic anplifiers (including delay) 
based upon experimental observations even thourh the 
approximate formula fcr time constant of a magnetic 
amplifier was lmow: 7 _ RpNe2 - this was further 
\frelir, 
complicated by the changing character of the d-c motor 
load. If it assuned that Ig = a constant = a Since it 


builds up so rapidly in comparison with the field, and 
if time delays resulting from cnerry storascs in the 


Uk 








fe. Cont'd 


circuit are ignored 


I. Ky 
Ip = Kol, 7 KyKok 


te Ky i pk? = KyKok) K7b 


-m . Jd29 de 
fol = seo * ah 


nen Ts KyKoKyK7 = Kg 


KeT = J,°6y + f58q (Jg2 + fg) 


J,2 ofa 
(ay — 
YT E Jf, 


(1) RG (s) = 89 . Ks K3 , _K5Kg 
E i. oo J3(S+f£/T) 


cr cy storases in the circuit create delay factors which 
if known can then be added to the denominator of thie 
above equation in tne form 


a 2 K 
KG(s) 3, 3} Vor SF 738" 


etc. 


If a step function 8. = Au(t) is impressed upon the 
‘above simplified system eq (1), and E is solved for, we 
obtain 


- Ase =) 
7 (sbi cera a  Vi£e = kek sks) 





which when Ee for | E(t) gives 
ae é 
FQ = Act Btn (Wnt f7=F™ af), ZAC —_ den din td] =P all 
je (ktL og | 
TI RSK § ¢* Z 
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This of course indicates exponentially daaped oscillations 
of varying dersrce and duration dopending upon the particular 
system constants. 


Applying final value thoorems: 
Lin f(t) = lim s F(s) we find 
t-7- 3 sro 


tea 5, See 
The frequency ofoscillation w of the above indicsted 
error before completo dampins is 

i 


w 2 Or/y -F- where J ” Ba, 


Solving this in terms of observed constants of the system 
~ivess 


wo = 35) rad/sec. This value of w is in fairly close 
acreement with the observed value of approximately 1.1 
radian/sec observed by Brush Recorder and at least points 
toward the possibility of future mathematical analysis 
of this system. 


Jf 








fie system Cheracteristics 


1. Steady State Torque and Speed Characteristics (Basic System). 


Refer to page 18, “iguring Book #41505 for data. 
The following curves are plotted: 


Antenna Speed vs. Torque -- Curve 1 

Armature Current vs. Torque -- Curve 2 

Armature Terminal Voltazse vs. Torque -= Curve 3 

armeture TIerninal Voltage vs. Control Current -- Curve 


2. Magnetic «-mplifier Transfer Vharacteristics 


Refer to page 3 = 10 FPisuring Look #1505 for data. 
The following curves are plotted: 


Ficld Current vs. Control Current (Static) -- Curve 58 


Armneture Current vs. Control Current 
(Static) -- Curve Sa 


Arneture Current vs. Control Current 
(Dynamic) -= Curve Sa 


B. Phase Detector and D-© Amplifier Charactoristics 


Control current versus signal input for this unit was 

found to be fairly lincar as indicated in Curve 5b. Complete 
switching from maximum current output of one side of the 

d-c amp. to maximum current o.tput of the opposite side 

was observed to occur in less than a derree movement of 

the 3 LCT rotor through the zero position. This was 
considered quite satisfactory. 


C. Results of Experimental aec lead nets. 


tt wes found the difficulty was cncountered constructing 
a network which would center at the carrier frequency 
without adjustment. Furthermore the steepness of the 
Slope for tne sideband frequencies attempting to correct 
for created a problem of very small workinz "notch width." 
(In the nsightorhocd of 1 to 3 cycles). For this reason 
networks of lesser lead tine were constructed as previously 
mentioned. Hsowever no improvement was noted. Possible 
improvement, furthermore, was masked at this time, by 
trovbles of RF pickup in the synchro leads to the antenna 
which was located about 20¢* outside the building (S Build- 
ing, Plant 1). All leads were replaced with shielded 
leads but this did not eliminate problem to any extent. 
the distrubing frequency was approximetely 900 KC, 
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Tie. D. Results of +ransient Noasurement 
lL. tcasuronents 


a, Field current build-up indicated by voltace 
appearing across a 9}, ohm resistor immediately 
in series with a field coil is shown in the 
following table. (‘able 1). 





b. Armature current buildeup is also tabulated. 
(Table 2), 


ec. Phase detector deley was moasured visually with 
scone as .009 sec. (rofer to page 21, Figuring 


Book ,1:150S5),. 


ad. Overall tine delea;y for verlious conditions from 
step application to initial reaction of the error 
voltare was measured visually also using scope 
(ref. page 23, Fieuring cook #11505). Fastest 
fcasible reaction time occurred wlth liagnetic 
implificr biases set to cive .75 amps initial 
arneture and .05 amps initial field current. 


Delay for these conditions was lhl milliseconds. 
2. General 
The photographs reveal that 
a) ‘The greater part of the time delay is result 


of tie fleld circuit; that the armature delay 
is nesliscible in comperison, 





be. That the delay in the field circuit magnetic 
anplifier is at least 50,. of the field circuit 
delay. 


ec, hat marnetic anplifier time delay can be reduced 
by incressings the final value of field current; 
1.¢., decreasins resistance in the ficld cireuit. 


Ee. Results in reducine delay in controller 
1. Faster Initial Conditions 


the oporation of the complete system in a closed 

Loop using initial bias settinses for fastest response 
was considerably improved except for slight oscil- 
lation remaining. Nowever, the oscilletion was stiil 
unacceptable at zain settinzs necessary for small 
positional dead space and quick response of the antenna. 
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2. Exact a-~c lead network 


fhe network constructed to compensate for fastest 
response of system (1k); ms) failed to work beoause the 
phases detector was unoperative as a result of harmonic 
and other spurious frequencies in the error signal 
being amplified to a considerably greater degree than 
the carrier and sidetands. This upset the desired 
operation of the phase detector. Use of the best low 
pass filter which would be designed, while attenuating 
the harmonic frequencies greatly, did not reduce them 
enough to eliminate this blocking action of the phase 
detector. For instance, for small error signals using 
LP filter, the relative awounts of carrier and, 3rd, and 
lth harmonic frequencies being impressed on the phase 
detector were approximately 1, O.l, 3.8, and 0.9 
reepectively. 


Curves numbers 6 and 7 show the Phase and gain character- 
istics respsctiveiy of the Parallel "T" network used and 
indicate plainly the difficulties referred to above. 

The amplifier used in conjunction with the network was 
essentially flat over the range investigated. 


Harmonic analysis, using a General Radio Harmonic 
Analyzer, revealed the following impurity of the error 


voltages 

For mininum signals: .05 volts "RMS" 
Frequency Relative Amplitude 

60 cycles Tah 

120 cycles 58% 
180 cycles 100% 
2h0 cycles 33% 
300 cycles 3 
360 cycles G 
u20 cycles 12% 
480 cycles 2% 
SuO cycles 2h 
600 cycles 3% 
660 cycles 18% 


Remainder negligible 
For Iv "RMS" Ovtput _of error synchyo 


Prequency Relative Amplitude 
60 eycles 100% 

120 cycles 2% 

180 cycles 6% 

2hO cycles 1% 

300 cycles 2 


Remainder negli¢- ible 
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Ii. F. Results of Frequency Response Analysis 





1. Brush recording data indicates that the system follows 
the input fairly whl, especially at the higher response 
frequencics. There is some "lumpiness" of the output 
trace at the lower frequencies apparently caused by the 
tendency to oscillate. 


samples are shown bellows 





Low FREQVEWC y INTERMEDIATE FREQ. HHICtH FREE. 


| 2. Magnitrde and phese relations of input and output 

| are indicated in curve number 8. Refer to page 32 
of figuring book #41505 for tabulation and computa- 
tion of curve data from tapes, 


It is noted that the response follows a fairly standard 
| pattern and therefcre has good possibilities of 
correction. 


3. The KG Locus is shown in curve number 9. 
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Use of the dee compensating network showed marked 
improvement in observed response of system. Lack 
of time, however, prevented refinement and adjuste 
ment of the d=c networks as well as taking of 
additional necessary data on frequency response, 


It was noted that higher gains could be used and 
that final pesitional error was neglisible. Also 
the "desd space" using higher gains was negligzible. 


IV. special Measurement Techniques 


he 


Considerable time wag consumed in the assembling of 
necessary servo system measuring equipments and the 
design of circuits to complement these equipments, 
The particular difficulties sncountered were the 


tion. Therefore a fey of the more important techniques 
used are enumerated for possible future gervo laboratory 
Use, 


i. Arrangement for measuring transients resulting from 
dnpulse function: 









rics 
of p hase 
De tector 
emmy " 5 on MOPE TL St a a , bs 
/ ‘ TE TR Ons 6 ore. | Conne Moy 
: af : 
ms gr | pier to reaction 
= ae LAN Y to =< Point pein 2 “J 


the closing of the switch triggers the trace of the 
"scope" whose Sweep stability adjustment has boen 
Peduced to just beyond the point of automatic trig- 





3. 


sering. Simultaneously the 6N7 of phase detector 

is cut off starting impulse reaction through system. 
This particular model of "scope" was the only one 
which could be found with a slow enough sweep. The 
camera shutter was opened and remained in darkness 
of the acapter until the scope had been triggered. 
After the singlo trai sient was observed through the 
eyepiece to cross “scope”, the shutter was closed. 
The developed picture was then available in approxi- 
mately 1 minute. This was extremely convenient. 


The method of frequency response reasurement used is 
shown in Figure 9. It is believed that this is the 
most powerful method of servo analysis. Results are 
clear and time necessary for anulysis small once 
equipment has been assombled. 


Method of synchronizing chopper in phase-sensitive 
modula tor=-demodula tor. 


In the frequency response method described above, the 
chopper must be synchronized with the carrier frequency 
in order that it "chop" the unwanted halves of the 
modulation envelope so that the desired halves can be 
cenodulated to give a pure sine wave as in Figure 10. 


In order to synchronize, a d-c voltage of from 0-50 V. 
must be imoressed upon the d-c or demodulated output 
terminals of the demodulator. The a=-c output of the 
unit is then a square wave which may be ccmpared phase- 
wise with the reference voltage. A variable capacity C, 
in series with the chopper ccil is adjusted so that the 
Liagsajons pattern appears as shown, indicating proper 
synchronization, 
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SYNCHRONIZATION OF CHOPPER. 
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Be Techniques recommended for future use: 





— 


1. A method of measuring the stall torque character- 
istics of the motor or motor system while loaded. 
Stall torque curves were never obtained for this 
particular motor and this was considered a a handi icap 
in analysis. - 

2. Possible use of mechanical method (snotey gaieel of 

: imparting a sinusoj dal input of vary ing f frequency 


to the input of a “a? sys tem. 
i 
SA Use of oscillator for applying | bit pnt: a! inputs 
(ramp functions), step functions a d sine w _ 
of low frequency to the input of a “servo syater 
o 
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Conclusions 


The system as it now stands with partially operative 

G=-c compensating networks is still somewhat erratic 
although the oscillatory action has largely been 

reduced. It has the advantage of high gain and zero 
positional error after it reaches the new position. 

If the project is continued, tho following are recomended 
to inprove the system performance. 


1. The use of feedback and greater gain in the field : 
circuit in order to reduce substantially the time delays 
in the system. 


2. Purther freqiency analysis, now that the system is 
fairly well stabilized at higher gain. This would 
probably reveal the correct adjustment to make in the 
present lage-iead networks. 


3. Further study to adapt the system itself to the best 
use of dee compensating networks inasmuch as a-c 
networks have proved unacceptable and only a prelim-= 
inary d-c network is now in use. 


bh. Further study of the magnetic amplifiers themselves, 
the object being determination of origin of certain 
irregularities of operation which occasionally 
presented themselves, particularly in regard to bias 
settings. 


At this writing there is no positive assurance that the 
system can be made satisfactory for the use intended. 
There is a good possibility that it can but the worth of 
continuing the projact should be dictated by the relative 
value and inmoortance of other pending projects. 
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